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Flow separation is a common fluid dynamics phenomenon that occurs within supersonic
nozzles while operating at off-design pressures. Typically, off-design pressures result in a
shock formation that leads to a non-uniformity of the exiting flow and creates flow
separation and flow recirculation. So far, no effective solution has been presented to
eliminate flow separation and increase the total performance of the nozzle. The purpose
of this work is to investigate whether a Gurney flap may beneficially affect the exiting
flow pattern. For a better understanding of the Gurney flap effect, this investigation used
a supersonic nozzle geometry based on a previous study by Lechevalier [33]. Results
from the tested cases showed a poor effect of the flap at high free-stream Mach number
and lower pressure ratio. Simulations of different flap heights along with different
parameters showed a slight increase of thrust.
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CHAPTER I
INTRODUCTION
1.3

Background
Flow separation is a common fluid dynamics phenomenon that occurs within

supersonic nozzles while operating at off design pressures. Typically, off design
pressures result in a shock formation that leads to a perturbation of the boundary layer
resulting in a non-uniformity of the exiting flow and creates flow separation and flow
recirculation that may induce side loads. Shock-induced separation remains one of the
most challenging problems that faces rocket designers. The difference between the exit
pressure and the ambient pressure at the back of the nozzle is largely responsible for the
flow separation. A shock forms to accommodate the pressure differences; this shock
typically leads to a flow recirculation and causes an adverse pressure gradient due to the
high-pressure value across the shock.
So far, no totally effective solution has been presented to eliminate this flow
separation and increase the total performance of the nozzle. The purpose of this work is
to investigate whether a Gurney flap may beneficially affect the exiting flow pattern. The
Gurney flap is a lift enhancement device that typically generates two-counter rotating
vortices [21]. Those vortices keep the boundary layer of a wing attached and result in
generating more lift due to the increase of the aerodynamic shape of the camber.

1

To investigate the Gurney flap effect for a supersonic nozzle, an old study by
Lechevalier [33] was considered. His effort focused on simulating a supersonic planar
nozzle based on axisymmetric nozzle designs of L. H. Back, P F. Massier and H. L. Gier
[24], to study the nozzle’s behavior at different Mach numbers. The same nozzle
geometry was used for this study to test the flow solver regarding the nozzle efficiency
over a wide range of pressure ratios for a better understanding of the behavior of the
supersonic flow. A second block was added to enable the running of cases involving
different ambient conditions relative to the total conditions of the nozzle chamber. A
gurney flap was then added to the second block to investigate its effect on the flow
separation at the exit plane of the nozzle.
1.3

Thesis Outline

Generally, the main objective of a design is its reliability and maximum performance
with least amount of loss. Performance and thrust loss remain a major problem facing
aerospace engineers regarding supersonic nozzle design. Flow separation due to the
recirculation of the air at the exit plane is a real issue and may damage the whole engine,
especially when this recirculation is severe and induces side loads. The Gurney flap is a
flat plate of 1-2 percent of the chord line height [17], mounted perpendicular to the nozzle
wall at the exit plane (Figure 1). Theoretically, the Gurney flap is a lift enhancement
device, usually used on an airplane wing to generate more lift force. It permits the flow to
stay attached and generates more lift by generating two counter-rotating vortices [21].
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Figure 1.1

Gurney flap mounted on an airfoil [26]

A CFD Navier-Stokes flow solver is used to simulate the flow inside and outside
of a 15-degree divergent conical nozzle. The first block represents the nozzle flow while
the second block represents the ambient atmosphere. The two blocks are connected by an
H-type mesh. The nozzle was first simulated using a single block with an extension of the
upper wall to impose an inflow/outflow boundary condition. A solution comparison
between the single versus the two-block grid showed that for the same conditions the two
cases matched with only a slight variation
To investigate the effect of the Gurney flaps ability to prevent flow recirculation
and increase the thrust, a flap of two percent height of the throat radius was implemented
at the outer wall of the nozzle near the exit plane. Results from the tested cases shows a
poor effect of the flap effect at high free-stream Mach number and lower pressure ratio.
Simulations of different flap heights along with different parameters such as the ambient
conditions and pressure ratio were investigated to study the effects of flap height on the
performance of the nozzle. The last study showed that the thrust increases slightly as the
flap height increases.
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CHAPTER II
LITERATURE REVIEW
2.3

Nozzle history and functionality
The nozzle is a major part of a jet engine as this tube is responsible for generating

thrust by transforming the pressure energy into kinetic energy. A nozzle’s geometric
design depends on the exit Mach number, or conversely the exit Mach number is
specifically tied to the nozzle geometry. Three distinct types of nozzles could be
distinguished depending on the shape, effectiveness, and mode of operations. These types
are converging, diverging or converging-diverging nozzle.
For each type of flow, a specific nozzle is used. For a supersonic flow, a
converging-diverging nozzle is used, because the flow leaves the combustion chamber at
a low speed, the converging section of the C-D Nozzle accelerates the flow as the crosssectional area decreases until getting to the throat of the nozzle which is the smallest
cross-sectional area, where the flow is choked. The velocity of the flow is equal to the air
sound speed, which means that at the throat the Mach number is equal to one. Under
suitable backpressure conditions, the flow expands to reach a value of Mach > 1 after
leaving the throat.
Some studies have revealed that the conical nozzle is the most common nozzle
type since it is easily manufactured. It consists of a divergent section that expands at a
constant angle from the throat [6]. Converging-diverging nozzles are recognized by
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generating semi-periodic shock diamonds and expansion fans that alternate within the jet
plume when operated at off-design conditions [5]. To get a parallel, shock free exit flow
by using a well-designed, smoothly contoured, converging-diverging nozzle, the ambient
pressure must be equal to the exit pressure [7]. The presence or absence of shocks in the
jet plume has a significant effect on the acoustic emissions of the jet and can introduce
screech and broadband shock-associated noise into the spectra [8]. Much of work done on
converging-diverging nozzles uses nozzles with smoothly varying contours designed by
the method of characteristics so that the internal flow is shock free [8]. Even if the design
approach can generate parallel flow, it is generally not practicable because the nozzle
operates at different altitudes, which means different atmosphere conditions and power
levels, requiring a varying-geometry type of nozzle [8], see Fig 2.1. Starting from the
isentropic equations of the converging-diverging nozzle, the pressure and temperature
depend on the area ratio. Since the throat area is fixed, the exit plane area should be
varying to be adapted to the local atmospheric conditions at each altitude. The
inconvenience of using this type of nozzle is the reduction of the nozzle efficiency since
the two plates form a kind of a kink or a sharp angle [8]. It is preferred; that the throat
area is a slightly larger so the flow can go from the subsonic to supersonic regimes
efficiently.
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Figure 2.1

RL60 extendable nozzle [25]

The design of a supersonic converging-diverging nozzle was first set by de Laval
(1897). The de Laval tube is a tube pinched in the middle, making an hourglass shape. As
mentioned, the Swedish inventor Gustaf de Laval developed the converging-diverging
nozzle, but the person who effectively started using this nozzle in aerospace is Robert
Goddard. He was the first person to use the principle of de Laval nozzle on rocket
engines, and a new era of modern rocket engines began [1].The flow through the de
Laval nozzle is characterized by being isentropic (constant entropy). The subsonic flow
speed increases as it approaches to the narrowest cross-sectional area, which is the throat,
where the flow ultimately chokes, which means the velocity of the flow reaches sonic
speed. After the throat, the walls diverge which results in an expansion of the gas along
with an increase of the gas speed to a supersonic velocity. The pressure disturbances
along the diverging section of the nozzle cannot travel upstream through this supersonic
flow [2].de Laval was the first person to design a supersonic nozzle, but other engineers
and researchers have tried to follow his path and improve the converging-diverging
nozzle. For example, Busemann (1931) [10] came up with graphical and approximate
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methods, which made it subject to protractor errors because there were no means to
define the length of the nozzle in advance. His idea was to get a uniform supersonic flow
of higher Mach number by constructing a nozzle that converts divergent radial supersonic
flow in two dimensions [13]. After him, Puckett(1946)[11] revealed that using small
expansion angles instead of a large one was possible, resulting in a longer and heavier
nozzle which mean that his design was more costly to manufacture [13].

Based on the same assumptions of the two previous researchers, Atkin’s design
(1945) [12] was a development of Busemann’s straightening contour by adding a suitable
initial contour to the geometry. Atkin was able to convert a uniform parallel low
supersonic flow into a divergent radial flow that resulted in a uniform supersonic flow for
the desired Mach number [13].
Friedrichs (1944) [14] was the first to develop a nozzle design without employing
the method of characteristics. Friedrichs used a set of non-linear wave equations where
the leading terms of the series were restrained in the design [13]. His method was further
developed by Nilson (1948) [15] and Baron (1954) [16].
The American aerospace engineer Gadicherla V.R. Rao (1958), made a big step
forward regarding designing rocket nozzles by analytically deriving the wall contour of
the conical nozzle and revealing a new nozzle geometry that is now the most common
used geometry. It was first used in 1960 for both liquid and solid rockets [9]. One of the
advantages of this nozzle is it minimizes the losses of the internal shock waves in the
supersonic flow [9]. The bell shape nozzle is an example of minimum length nozzle,
which costs less than the conical nozzle and is more efficient [9].
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2.3
2.2.1

Gurney flap
Introduction
The Gurney flap is a high-lift device that improves the aerodynamic performance

of an airfoil [17]. This small device increases the lift generated by a wing. The Gurney
flap is a flat plate flap of one to two percent of the chord line [17]. For a proper use of
this device when used on an airfoil, it should be attached to the trailing edge of the airfoil
forming a perpendicular angle with the chord [17]. Dan Gurney, a racecar driver, was the
first one to use this small device on one of his cars. He used it to increase the traction
during braking and accelerating [17].
2.2.2

Previous work
The first person to really conduct an experimental study on the Gurney flap was

Liebeck [18]. He studied the effect of the Gurney flap on a Newman airfoil. The results
showed that a Gurney flap of 1.25 percent chord height increased the lift and reduced the
drag. Liebeck [18] was the first one to determine the proper height of the flap so that the
flap works properly by producing more lift and reducing the drag force.
Li et al. [19] studied the effect of the flap over other types of airfoils. They tested
the flap on one of the most commonly used airfoils which is the NACA0012, and their
results confirmed Liebeck’s [18] findings. Their results showed an increase of the lift
coefficient of the airfoil when a perpendicular flap is added to it, and that the flap height
should be kept in the range of one to two percent chord line to get maximum
aerodynamic benefits of the flap.
The comparison of lift coefficient between an airfoil with and without a flap
showed an increase of the lift coefficient generated by the airfoil when a flap is added on.
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The lift coefficient increased by 10 percent for an airfoil with a one percent chord
line height flap compared to an airfoil without a flap, and that the lift coefficient
increased by 21 percent for an airfoil with a two percent length flap compared to an
airfoil with no flap.
J.J. Wang, Y.C. Li, K.-S. Choi [17] mentioned that the behavior of the flow
changes while using a flap of two and three percent chord line height. The results of their
study showed that using a three percent chord height flap causes an increase of the lift
coefficient along with increasing the drag coefficient. Their results matched the work
done by Lieback [18] to determine to optimum length of the flap, which was around two
percent of the chord line of the airfoil.
2.2.3

Flap position
Giguere P, Dumas G, Lemay J. [20], revealed that the flow condition at the

trailing edge determines the optimum size of the flap. They recommended that the flap is
a better fit when it is submerged in the boundary layer. Results from several studies
showed that if the Gurney flap is positioned far from the trailing edge, the lift
enhancement mechanism weakens. For a flap of 1.5 percent chord height, positioned at
the trailing edge, the lift coefficient is maximum [17].
2.2.4

Work mechanism
The Gurney flap mechanism of lift enhancement is not fully understood [17],

even though it is one of the most efficient tools for lift augmentation in the aircraft
industry. Typically, the flow separation is eliminated over the upper side of the airfoil in
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the presence of a Gurney flap. This separation elimination is accompanied by a reduction
of the boundary layer thickness, and an increase in velocity [17].
J. M. Janus [21] reported that the flap generates two counter-rotating vortices just
downstream of the flap. The upper vortex helped the flow’s smooth departure from the
upper surface of the airfoil, helping to maintain the low pressure on the upper surface
[21]. The vortices generated by the flap effectively extend the chord line of the airfoil,
which means that the effective airfoil is larger yet the lift coefficient uses the true chord
for non-dimensionalization yielding a larger 𝐶𝑙 [21].
In addition to the results of [21], J. J. Wang, Y. C. Li, K. -S. Choi [17] added that
the flap reduces the adverse pressure gradient near the trailing edge. The vortices increase
the velocity over the upper surface of the airfoil and reduce the boundary layer thickness
[17].
Work was also done on helicopters to investigate the effect of adding a flap to a
helicopter rotor. The results showed that lift increased by 10 percent when a flap is added
to the rotor compared to a no flap rotor [22]. Many efforts are still being made to better
understand the mechanism of the Gurney flap and to discover new features of this device.
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CHAPTER III
NOZZLE TYPES AND ALTERNATIVE NOZZLE DESIGN SOLUTIONS
The jet engine (gas turbine) and the rocket engine are the key developments in the
propulsion system of modern aircraft and spacecraft. It is responsible for generating the
thrust force that allows the vehicle to move forward.
3.3

Nozzle
The nozzle of the engine, although relatively simple in its mechanical complexity,

is arguably the most important component in achieving optimal thrust.
The nozzle is a part of the engine system, which serves to accelerate the outgoing
flow. The flow leaves the combustion chamber with a high pressure and temperature, the
nozzle transforms the pressure energy into kinetic energy (thrust). The thrust force must
be greater than the applied force to allow the vehicle to move forward. From a physics
perspective, the sum of forces in the direction of the thrust force should be positive.
The nozzle, besides being an acceleration device, it provides an optimum and
correct engine performance [3]. The nozzle velocity is determined by the area ratio of the
nozzle’s exit area over the throat area. The maximum theoretical performance is realized
for an ideal nozzle by setting an infinite wall nozzle, so that the expanded gas can achieve
a zero pressure thereby achieving the maximum gas velocity. The highest thrust
efficiency is a result of the careful design of the nozzle shape contour [7].
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Many loss mechanisms arise with the design of the nozzle [7], those mechanisms are:


The chemical kinetic loss



The geometric divergence loss



The viscous drag loss

Often in the design process, reducing one loss causes another loss to increase. For
example if the designer tries to increase the geometric efficiency by using a long nozzle,
this can lead to increasing the drag. Which leads to the conclusion that is better to have a
short nozzle [7].
3.1.1

Thrust
The thrust is a mechanical force that moves the space vehicle forward. It is

generated by the propulsion system of the vehicle. Its direction is opposite to the
direction of the engine outflow. From the thrust equation (Eq.3.3), the thrust force can be
defined as the mass acceleration of the flow.

(3.1)

𝑇ℎ𝑟𝑢𝑠𝑡 = 𝑚̇ 0 𝑉𝑒𝑥𝑖𝑡 + (𝑃𝑒𝑥𝑖𝑡 − 𝑃𝑜 )𝐴𝑒𝑥𝑖𝑡

3.3

Nozzle types
The nozzle is an acceleration device, so what it does is it accelerates the flow

delivered by the combustion chamber from subsonic to sonic speed at the converging
section. If the nozzle is a converging-diverging type, the divergent section further
accelerates the flow from sonic to supersonic.
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3.2.1

Converging nozzle
The converging nozzle performs half the amount of the converging diverging

nozzle mission. The flow rate keeps increasing until it is choked at the exit plane that is
the narrowest cross-sectional area of this type of nozzle.
3.2.2

Converging-diverging nozzle
As mentioned before the Swedish inventor de Laval developed the supersonic

converging-diverging nozzle [1]. The study of the flow through a supersonic nozzle is
very interesting since it encompasses many studies concerning shocks and expansion
waves, flow separation and boundary conditions.
The flow leaves the combustion chamber to be choked at the throat, which is the
narrowest cross-sectional area of the nozzle, and then the flow expands along the
diverging walls that raise the flow speed to reach the supersonic regime.
There are three different geometries of converging-diverging nozzles:
•

Conical Nozzles

•

Bell Shape Nozzle

•

Annular Nozzles

All three types are governed by the same equations and work under the same
mechanism. The difference is the efficiency of each type of CD nozzle and the design
complexity.
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3.2.2.1

Conical nozzle

Figure 3.1

Conical nozzle sketch

The conical nozzle was the first nozzle to be used, since it is easy to manufacture.
Its design consists of a constant angle diverging nozzle arising after the throat (figure
3.1). It was used for many years before the bell shape nozzle appeared. Nozzle efficiency
increases in small diverging angles. On one hand, this point makes the main advantage of
using a conical nozzle. On the other hand, the length and weight of the nozzle remain a
major inconvenience. A solution for this problem was proposed that required using a
higher angle of divergence to reduce the length. After testing, it was shown that it
harmfully affected the nozzle efficiency and increased the risk of flow separation that
occurs when the nozzle operated at low altitudes.
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3.2.2.2

Bell shape nozzle

Figure 3.2

Bell shape Nozzle example

The bell shape nozzle is now the most common nozzle in aerospace applications.
In 1958, V.R. Rao 1958 first developed this type of nozzle. It is a development of the
conical nozzle discussed above. It is shorter and lighter than an equivalent conical nozzle
and minimizes the losses of the internal shock waves in the supersonic flow [9]. The
geometry consists of a smooth diverging wall at large angle after the throat that is slightly
larger, and a small diverging angle (straightening section) near the exit plane Figure (3.2).
The bell-shape nozzle costs less than the conical nozzle and it is more efficient, but the
only problem is it is complex to design and as with the conical nozzle, its efficiency
decreased with increasing altitude as the loss of thrust due to separation increases [30].
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3.2.2.2.2

Altitude compensation for supersonic nozzle

The supersonic nature of the outflow is determined by the difference between the
ambient pressure and the design exit pressure. The nozzle operates in three different
ranges of operation depending on the supersonic flow behavior, it either can be:
Over-expanded, under-expanded or perfectly expanded
a) Over-expanded
The over-expanded nozzle is when the exit pressure of the flow is smaller than the
ambient pressure. When the area ratio is high, the flow typically separates from the wall
for this case. As the ambient pressure increases, the separation travels toward the throat.
This case leads to a shock wave within the jet flow that compensates the pressure deficit
at the exit plane of the nozzle. As the velocity decreases, the temperature and pressure
increases.
b) Under-expanded
A nozzle is said to be under-expanded when the exit pressure is greater than the
ambient pressure. It occurs often when the exit area is small. This phenomenon is due to
the incomplete expansion of the flow inside the nozzle. The flow will keep expanding
outside of the nozzle.
c) Perfectly expanded
A nozzle is said to be perfectly expanded when the ambient pressure and the exit
pressure are equal.

16

Figure 3.3

Bell Shape nozzle altitude compensating features. a)over expanded, b)
Perfectly expanded , c) under expanded [7]
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3.2.2.3

Plug nozzle

Figure 3.4

Two examples for a Plug nozzle sketch a) truncated body clustered plug
nozzle, b) full length toroidal plug nozzle. [31]

Theoretically, the plug nozzle is the most efficient nozzle because it provides a
continuous altitude adaptation [31]. Since 1950, several experiments were conducted to
develop the plug nozzle design. Two main designs are mostly studied and tested for this
nozzle type, the circular and linear plug nozzle [31].
The circular plug nozzle either can be full length or truncated. The difference
between the circular and linear nozzle is the chamber and the primary nozzle layout
(Figure 3.4). The plug nozzle is designed with toroidal chamber and a throat, and
sometimes with a cluster of circular bell nozzle units (Figure 3.4.a), or a plug nozzle with
quasi-rectangular nozzle modules. The quasi-rectangular nozzle assumption have been
shown to be advantageous relative to the round nozzle, since the performance loss
comparison between the square nozzle compared to the round nozzle is said to be less
[31].
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3.2.3

Performance loss of the nozzle and alternative solution
The nozzle performance of a fixed geometry nozzle such as the conical and the

bell shape decreases while operating at off design pressures (under-expansion and overexpansion). Many researchers conducted research to come up with solution to the flow
separation, which affects the nozzle performance that may cause damage to the nozzle
and the entire engine. Some alternative nozzle designs have been developed and tested
and have shown a slight increase in the performance reliability versus the flight altitude.
Some of these developed solutions to minimize the performance loss are the altitude
adaptive nozzles.
3.2.3.1

Altitude adaptive nozzle
One of the most common problems that faces engineers designing a nozzle is to

overcome the flow separation at sea level where the ambient pressure is high compared to
that at high altitudes. This separation leads to severe damage to the nozzle performance.
The altitude adaptive nozzle was and remains an effective solution compared to a
conventional nozzle. The nozzle changes its area ratio and aerodynamic shape that leads
to a change in the outflow characteristics. Its main objective is to adapt the nozzle to the
flight conditions.
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3.2.3.1.1

Figure 3.5

Dual bell nozzle

Dual bell nozzle sketch [31]

The first design was proposed by Forster. C. and Cowles, F. [34] in 1949, their
main objective was to add an inflected extension to a conventional bell shape nozzle.
Its principle is simple; at low altitudes, the flow separation occurs at the extended part
that helps the flow to be ambient at the initial nozzle (Figure2.3). The drawback of this
design is that the flow recirculation at the extension leads to a thrust loss called aspiration
drag, in addition to a drop in the vacuum performance due the contour imperfection of the
nozzle [31]. Despite this loss, over the flight trajectory the Dual Bell Nozzle has a high
net impulse compared to a conventional nozzle [31].
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3.2.3.1.2

Figure 3.6

Two position extendible nozzle

Two position nozzle sketch , a)sea level operation ,b) vacuum operation
[31]

The two position extendible nozzle (Figure3.6) is used to reduce package volume
of the nozzle at high altitudes [31]. It is an altitude compensation nozzle where the area is
varying depending on the stage of operation. Its concept is close to the dual bell nozzle
but with a moving extension part, that represents a continuity of the nozzle wall. The
nozzle is composed of a fixed initial bell shape nozzle and a moving part that represents
the extendible device that permits to the nozzle to change its aerodynamic shape and area
ratio depending on the altitude. Its contouring provides a maximum performance [35].
The performance of the altitude compensation nozzle over all flight altitudes is
better than the fixed shape nozzle, but the disadvantage of this type of design is that the
extendible part needs a mechanical device to move it forward and backward which causes
an increase in the nozzle weight and loss of performance.
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The device needs moving parts in the cooling system that leads to a small loss in the
reliability of the system and adds to the vibration of the extendible part that is generated
by the jet noise [31].
3.2.3.1.3

Figure 3.7

E.D Nozzle

E-D Nozzle sketch [31]

Expansion-deflection (E-D) nozzles have been considered a good alternative
solution for altitude adaptation, because the expansions are taking place with a constant
pressure, free boundary Figure (3.7). In fact, analytical and experimental studies have
shown that it is a poor altitude compensation nozzle compared to the plug nozzle due to
aspiration and overexpansion losses [34], but it is still a better solution compared to a
same length conventional bell shape nozzle.
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CHAPTER IV
METHODOLOGY

Lechevalier [33] first used the code used in this study on a single block, structured
mesh as mentioned in the background. That effort served as a numerical study of the flow
within a supersonic nozzle. The same code is used here with a slight modification since
this case required a two-block grid 2 x (511x151).
An initial study was undertaken to compare between a two-block grid versus a
single block grid, since the single block grid used an extension beyond the exit plane to
simulate the ambient conditions similar to Lechevalier [33] In contrast, the two-block
grid should be better, since the two blocks are connected by a block-to-block H-type
mesh. The ambient condition was applied at the far field of the external flow block. It
should give better results compared to a single block for a wide range of cases. The single
block grid cannot be used to simulate the inner and outer flow and an external flap cannot
be modeled.
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4.3

Solution methodology
The code used here solves the continuity, momentum, and energy equations in

each cell of the domain. The equations are expressed as:

𝜕𝑞
𝜕𝑡

+

𝜕𝑓
𝜕𝑥

+

𝜕𝑔
𝜕𝑦

=0

(4.1)

With:
𝜌
𝜌𝑢
𝑞=( )
𝜌𝑣
𝐸

𝜌𝑢
𝜌𝑣
2
𝜌𝑢𝑣
𝜌𝑢 + 𝑝
𝑓 = ( 𝜌𝑢𝑣 ) 𝑔 = ( 𝜌𝑣 2 + 𝑝 )
(𝐸 + 𝑝)𝑢
(𝐸 + 𝑝)𝑣

(4.2)

In addition, from the perfect gas equation of state, the pressure 𝑝 can be
calculated as follows:
1 (𝜌𝑢)2 +(𝜌𝑣)2

𝑝 = (𝛾 − 1) [𝐸 − 2

𝜌

]

(4.3)

Equation (4.1) is discretized in time and space by integrating over every grid cell.
The dependent variables 𝑞 are considered constant over the cell while integrating over a
finite volume, and the spatial derivatives become a flux balance between opposing cell
faces, which gives the following expression:
∆𝑞
∆𝑡

+ 𝛿𝑖 𝑓 𝑛 + 𝛿𝑗 𝑔𝑛 = 0

(4.4)

With ∆𝑞 = 𝑞 𝑛+1 − 𝑞 𝑛
To improve the stability, the fluxes should be treated implicitly. To linearize, the fluxes
are expressed as:
𝑓 𝑛+1 = 𝑓 𝑛 +
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𝜕𝑓 𝑛
𝜕𝑞

∆𝑞

(4.5)

𝑔𝑛+1 = 𝑔𝑛 +

𝜕𝑔𝑛
𝜕𝑞

(4.6)

∆𝑞

Thus giving:
𝐼

[Δ𝑡 + (𝛿𝑖

𝜕𝑓 𝑛

) + (𝛿𝑗
𝜕𝑞

𝜕𝑔𝑛
𝜕𝑞

)] Δ𝑞 = −(𝛿𝑖 𝑓 𝑛 + 𝛿𝑗 𝑔𝑛 )

(4.7)

Axisymmetric geometry
To be able to run the solver for an axisymmetric geometry, the Navier-Stokes
equations needs to be expressed in cylindrical coordinates instead of Cartesian. For that
purpose, the cylindrical coordinates r, θ and z (radial, azimuthal and axial) directions,
respectively, are used to locate the points in space. The axial velocity is noted by u, while
𝑣 represents the radial velocity. Noting that the azimuthal velocity is zero, as are all the
derivatives with respect to θ.
Hence, the continuity equation is represented as:
𝜕𝜌
𝜕𝑡

+

𝜕𝜌𝜈
𝜕𝑟

+

𝜕𝜌𝑢
𝜕𝑧

+

𝜌𝜈
𝑟

(4.8)

=0

After developing the momentum equations as axial and radial equations, some terms
appear that were not included in the Cartesian coordinates. Those terms are considered as
source terms. Those source terms may be summarized as:
𝜕𝑞
𝜕𝑡

+

𝜕(𝑓−𝑓𝑣 )
𝜕𝑥

+

𝜕(𝑔−𝑔𝑣 )
𝜕𝑦

+𝑆 = 0,

(4.9)

𝜌𝑣
𝜕𝑢

S=

𝜇𝜕𝑣

1

𝜌𝑣𝑢 − 𝜇 𝜕𝑟 − 3𝜕𝑧

𝑟

𝜌𝑣 2 +
(𝑣(𝐸 + 𝑝) +

4𝜇
3

4𝜇𝑣

3𝑟
𝜕𝑢
𝜇

−

(4. 10)

4𝜇𝜕𝑣
3𝜕𝑟
𝜕𝑣

𝜕𝑢

𝜕𝑇

𝑣 𝜕𝑧 − 3 𝑢 𝜕𝑧 − 𝜇𝑢 𝜕𝑟 − 𝑘 𝜕𝑟 )
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where 𝑓𝑣 and 𝑔𝑣 are the viscous fluxes, and the source terms in equation (4.9) are divided
by r, the radial distance to the centerline, which can never be zero.
The code used for this study utilizes a finite volume method discretization, which
is suitable to solve compressible flows. It is an approximate Riemann solver that uses
MUSCL extrapolation, Symmetric Gauss-Seidel to eliminate the factorization errors, and
Newton Sub-iteration to eliminate the linearization errors.
4.3

Grid development
The initial grid was generated by GUM-B and GUMBO, two meshing software

products developed by the MSU ERC, and has been modified and extended using
Pointwise (meshing software). A subroutine, VARDXS, built into the code, was also used
to redistribute the grid points in the j-direction to get better off the wall BL distribution.
Clustering the grid near the nozzle wall helps capture shocks and resolve viscous forces
near the wall (Fig 4.1).
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Figure 4.1

Single block grid (511x151)

Figure 4.2

Two block grid 2x(561x151)
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A second outer grid (block) was built using Pointwise after keeping only the wall
of the nozzle. A new grid distribution routine was used to modify the new grid.
Subroutine VARDXS was used to redistribute the points in the J direction from the
nozzle wall toward the outer domain limits. The subroutine uses a power law progression
of the ratio of successive step size enabling the user to control the first spacing off the
wall at runtime, without having to go back to Pointwise to build a new grid.
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4.3

Boundary conditions
This study used two different grids with various boundary conditions:

4.3.1

Single block grid

Figure 4.3
4.3.1.2

Single block grid (561x151)

Single-block grid Boundary conditions:
1. Total condition preserving inflow BC
2. Viscous wall BC
3. Symmetry BC
4. Special Inflow/Outflow 2nd order BC
5. CVBC Outflow/inflow

The choice of the grid and the boundary conditions were made based on a previous study
using the same flow solver and the same grid. The use of a two-block grid is better
though, since it presents a clearer idea to what happens within the nozzle, more
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specifically the interaction between the inner flow and the outer ambient conditions, and
it should improve the implementation and validity of the far field boundary conditions.
4.3.2

Two block grid

Figure 4.4
4.3.2.2

Boundary conditions labels for 2 block grid 2x(561x151)

Two-block grid boundary conditions:
1. CVBC Inflow
2. Total condition preserving inflow BC
3. Symmetry BC
4. CVBC Outflow/inflow
5. CVBC Outflow/inflow
6. CVBC Outflow/inflow
7. Flap region (viscous wall)
8. Viscous wall BC
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9. H-Type block to block BC
The flap is modeled on the region 7 Fig (4.4), the flap center is located one cell ahead of
the end of the nozzle at (𝐼𝑒𝑥𝑖𝑡 − 1), and is two cells wide and has an adjustable height that
can be controlled via the input file. The flap is presented as an I-wall, and is modeled by a
viscous wall BC within the second block.
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CHAPTER V
RESULTS AND DISCUSSION
5.3

Single and two block grid comparison
An initial study involving the solution comparison between a single-block grid

and two-block grid was undertaken here to evaluate the difference between the flow in a
simulated environment of operation with external (ambient) flow (two-block grid) and a
case with a special boundary condition to accommodate flow entrainment and
recirculation (single-block grid).
A range of experiments are presented here to compare between the single-block
grid and the two-block grid simulations using the same flow solver, same nozzle grid
dimensions and same parameters. Cases with different pressure ratios are presented
below to compare between the flows characteristics in the single block with the special
boundary condition and the two-block grid.
The total conditions of the reservoir for this study were a total pressure of 45 psi
and a total temperature of 1500 R [24].
Table 5.1
Case #
𝑃𝑟𝑎𝑡𝑖𝑜
Grid
Thrust
(N/m)

Different cases comparing between flow characteristics for a single-block
and two-block grids
1
0.16
1 block
7434.74

2
0.08
2 block
7496.91

1 block
8068.59
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3
0.06
2 block
8089.62

1 block
8396.88

2block
8402.28

From Table 5.1 it is noticeable that the thrust calculated using the single-block
grid and the two-block grid is very close with a maximum difference that does not exceed
0.75 percent for the higher-pressure ratio cases .The difference between the thrust
calculated using the single-block grid and the two-block grid decreases as the ambient
pressure increases. Moreover, the thrust calculation shows a good agreement in terms of
flow characteristics.
From the color-shaded plots of the Mach number that follow (Figure 5.1 to Figure
5.6), it appears that for both the single-block and the two-block grid cases, the
comparison is very favorable .The higher-pressure ratio case causes some separation and
recirculation of the flow. As expected, the two-block grid seems to give better
downstream results compared to a single-block grid in terms of visualizing the flow
around the nozzle for different ambient conditions for a better understanding of the flow
behavior. The results are further illustrated by the plots of momentum flux and pressure
profiles along the exit plane (Figure 5.7 to Figure 5.12).
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Mach Number Contours plots:

Figure 5.1

Figure 5.2

Single block grid Mach number plot for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16

Two block grid Mach number plot for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16
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Figure 5.3

Figure 5.4

Single block grid Mach number plot for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08

Two block grid Mach number plot for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08
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Figure 5.5

Figure 5.6

Single block grid Mach number plot for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06

Two block grid Mach number plot for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06
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The following are the plots of momentum flux and pressure profiles along the exit plane:
𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟏𝟔 :

Momentum flux profile
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1block

Exit plane(m)
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0
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Figure 5.7

Comparison of momentum profile along the exit plane for single and two
block grid for Pratio = 0.16

Pressure profile
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Figure 5.8

Comparison of pressure profile along the exit plane for single and two
block grid for
Pratio = 0.16
37

𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟖 :

Momentum flux profile
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Figure 5.9
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Comparison of momentum flux profile along the exit plane for the single
and two block grid for Pratio = 0.08
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Figure 5.10

Comparison of pressure profile along the exit plane for the single and two
block grid for Pratio = 0.08
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𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟔 :
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Figure 5.11

Comparison of momentum flux profile along the exit plane for the single
and two block grid for Pratio = 0.06
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Figure 5.12

Comparison of pressure profile along the exit plane for the single and two
block grid for Pratio = 0.06
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From the momentum flux and pressure profiles of the flow at the exit plane, it is
noticeable that the pressure and momentum flux plots for the lower pressure ratio have
almost the same shape (Figure 5.11 and Figure 5.12). It appears that the calculated flow
characteristics are virtually identical between using a single block grid and two-block
grid, with a slight preference to the two block-grid because using the two block grid
permits a modeling of the ambient conditions around the nozzle not only at the exit plane.
In addition, the thrust of the higher-pressure ratio case on the table 5.1 shows little
difference with a slight increase for the two-block grid.
5.3

Two block grid
The two-block grid was used to simulate the nozzle with and without an external

flap to investigate the Gurney flap’s effect on the nozzles performance. Recalling that the
flap center is located one cell ahead of the end of the nozzle and is two cells wide and has
an adjustable height and modeled as a viscous wall BC (Figure 5.13).
The study was initiated to test the effectiveness and the ability of using a Gurney
flap as a solution or an aid to alleviate the flow separation at the nozzle exit during overexpanded operation. A comparison between the cases with and without a flap of two
percent of throat height was conducted. After showing some the promising results, the
second part of the study was initiated with cases for different flap heights to study the
relation between the flap height, ambient conditions, and pressure ratio in the prevention
of the flow separation. The results are presented as visual and quantitative results.
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Figure 5.13

Gurney flap mounted on the outer wall of the nozzle.

Contour plots and charts are used to discuss the phenomenon and to get a better
idea of what is happening as the flow exits the nozzle. The following table summarizes
the cases tested to understand the behavior of the flow in and around the nozzle and what
effect the flap has on the outflow. The choice of the two percent flap as a beginning was
based on the literature review, where it is mentioned that Gurney flap heights around two
percent of the chord work best. For the nozzle, the flap height is chosen to be two percent
height of the throat area.
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Table 5.2
Case
Number
1
2
3
4
5

Summary Comparison
𝑃𝑟𝑎𝑡𝑖𝑜

𝐹𝑚𝑎𝑐ℎ

Thrust (N/m)

Flap %

Thrust(N/m)

0.16
0.12
0.1
0.08
0.06

0.2
0.3
0.4
0.5
0.6

7494.91
7605.93
7727.71
8089.62
8402.28

2
2
2
2
2

7496.57
7617.80
7744.97
8177.62
8402.03

From these results, it appears that the flap is helping with generating slightly more thrust.
The main purpose of this parametric study is to investigate an alternative way to prevent
the flow recirculation or at least make it less important. To get a better idea of the
behavior of the flow, pressure and momentum flux profiles along the exit plane and wall
pressure profiles along the nozzle upper wall have been calculated.
5.3

Cases comparison
Five different cases were chosen to compare between the flow behavior and its

characteristics with and without a flap. From Table 5.2 it is noticeable a slight increase of
the thrust between the flap and non-flap case. The thrust increases as the cases
approaches the design pressure then diminishes at the design pressure.
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5.3.1

Pressure, momentum flux and wall pressure profile plots

Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟏𝟔 and 𝑭𝒔𝒎𝒂𝒄𝒉 =0.2

No flap

Figure 5.14

Flap

Contour plots for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.2 a)no flap Mach
number contour plot ,b)2% flap height Mach number contour plot, c and d
pressure contour plot without and with 2% flap height respectively
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Pressure profile
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Figure 5.15

Pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.2 with and
without a flap

Momentum flux profile
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Figure 5.16

Momentum flux profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.2
with and without a flap
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Wall pressure profile
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Figure 5.17

Wall pressure profile along the wall for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16 and
𝐹𝑠𝑚𝑎𝑐ℎ =0.2 with and without a flap

Wall pressure profile
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Figure 5.18

Nozzle wall pressure profile near the exit plane for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16 and
𝐹𝑠𝑚𝑎𝑐ℎ =0.2 with and without a flap
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟏𝟐 and 𝑭𝒔𝒎𝒂𝒄𝒉 =0.3

No flap

Figure 5.19

Flap

Contour plots for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.16 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.2. a) No flap
Mach number contour plot. b) 2% flap height Mach number contour plot ,
c) and d) pressure contour plot without and with 2% flap height
respectively
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Pressure profile

Exit plane(m)

0.06
0.05
0.04

0.03

Noflap

0.02

Flap

0.01
0

20

25

30

35

40

45

Pressure(KPa)
Figure 5.20

Pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.12 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.3 with and
without a flap

Momentum flux profile
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Figure 5.21

Momentum flux profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.12 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.3 with
and without a flap
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Wall pressure profile
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Figure 5.22

Wall pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.12 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.3 with
and without a flap
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Figure 5.23

Nozzle wall pressure profile near the exit plane for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.12 and
𝐹𝑠𝑚𝑎𝑐ℎ =0.3 with and without a flap
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟏𝟎 and 𝑭𝒔𝒎𝒂𝒄𝒉 =0.4

No flap

Figure 5.24

Flap

Contour plots for the case of and a) no flap Mach number contour
plot,b)2% flap height Mach number contour plot ,c and d pressure contour
plot without and with 2% flap height respectively
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Figure 5.25

Pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.4 with and
without a flap
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Figure 5.26

Momentum flux profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.4 with
and without a flap
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Wall pressure profile
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Figure 5.27

Wall pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.4 with
and without a flap
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Figure 5.28

Nozzle wall pressure profile near the exit plane for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10 and
𝐹𝑠𝑚𝑎𝑐ℎ =0.4 with and without a flap
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟖 and 𝑭𝒔𝒎𝒂𝒄𝒉 =0.5

No flap

Figure 5.29

Flap

Contour plots for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 𝑎𝑛𝑑 𝐹𝑠𝑚𝑎𝑐ℎ = 0.5.a) No flap
Mach number contour plot. b) 2% flap height Mach number contour plot ,
c) and d) pressure contour plot without and with 2% flap height
respectively
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Pressure profile
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Figure 5.30

Pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.5 with and
without a flap
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Figure 5.31

Momentum flux profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.5 with
and without a flap
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Wall pressure profile
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Figure 5.32

Wall pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.5 with
and without a flap
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Figure 5.33

Nozzle wall pressure profile near the exit plane for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and
𝐹𝑠𝑚𝑎𝑐ℎ =0.5 with and without a flap
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟔 and 𝑭𝒔𝒎𝒂𝒄𝒉 =0.6

No flap

Figure 5.34

Flap

Contour plots for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 𝑎𝑛𝑑 𝐹𝑠𝑚𝑎𝑐ℎ = 0.6.a) No flap
Mach number contour plot. b) 2% flap height Mach number contour plot ,
c) and d) pressure contour plot without and with 2% flap height
respectively
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Figure 5.35

Pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.6 with and
without a flap
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Figure 5.36

Momentum profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.6 with and
without a flap
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Wall pressure profile
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Figure 5.37

Wall pressure profile for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.6 with
and without a flap

Wall pressure profile
0.1

Noflap

Pressure

0.08

0.06

Flap

0.04
0.02
0
7

7.5

8

8.5

9

Nozzle length
Figure 5.38

Nozzle wall pressure profile near the exit plane for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 =
0.06 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.6 with and without a flap
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Discussion of results:
Table 5.2 it shows that the thrust increases while the nozzle operates in low free
stream Mach number and when the pressure is approximately two to four times the
design pressure. Using a two percent flap in a higher free stream Mach number and lowpressure ratio does not help to provide more thrust.
The momentum flux and pressure profiles for cases 1, 2 and 3 showed a slight
improvement of pressure for cases of flap relative to no flap case. Which can lead us to
say that the flap is a device that affects the pressure profile by pulling the outflow upward
due to the two counter-rotating vortices.
The vortices pull the outflow up, this helps with diminishing the separation from
the wall near the exit, it can be noticed from the wall pressure profile figures
(5.15,5.20,5.25)for cases 1,2 and 3 respectively, that the profile near the exit plane for
those three cases is slightly higher for a flap nozzle case .
For the case 4 Fig (5.30) where the free stream Mach number is 0.5 and the
pressure ratio is 0.08 the pressure profile for the flap case is also showing an
improvement while operating with a flap, while the pressure profile is the same for both
flap and no flap cases.
The case 5 with a higher free stream Mach and lower pressure ratio compared to
other cases, the case nearest to the design case, showed that the momentum flux, pressure
and wall pressure profiles are virtually identical for both flap and no flap case. Even the
thrust calculation did not show any change.
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(a)

(b)
Figure 5.39

Vector plot for the case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and 𝐹𝑠𝑚𝑎𝑐ℎ =0.5 showing a vortex
generation when a flap of 2 percent throat length is mounted on the outer
wall of the nozzle at the exit plane
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5.3.2

Investigation of different parameters encountering the nozzle performance
From the initial study involving the five cases, the flap showed more effectiveness

while operating in low free stream Mach number and higher-pressure ratio. Some of the
cases showed better improvement compared to others, to investigate how the parameters
relate to thrust improvement for the case with a flap, a second investigation was set up
using three different parameters
•

Flap height

•

Pressure ratio

•

Free stream Mach number

The investigation was undertaken for a matrix of three different free-stream Mach
numbers, three different pressure ratios and four-flap heights (zero, two, four, and eight
percent) flap height. In the following section, numerical and graphical results are
presented to compare between different cases using different parameters discussed above
to investigate how the flap affects the outflow, and to better determine the optimum flap
height.
5.3.2.1

Case outline
Tables 5.3, 5.4 and 5.5 represent the thrust calculated for each of the cases. From

the tables of cases 1 and 2, the thrust calculation shows that the thrust increases for all the
pressure ratios when the two percent flap height is added and the thrust keeps increasing
as the flap height increases to four and eight percent, where it appears the thrust
improvement stops. Which means that the maximum height of the flap for a nozzle
appears to be approximately two to four percent the throat length.
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A larger increase in thrust with the flap is seen when the 𝑃𝑟𝑎𝑡𝑖𝑜 is around 0.08.
Once the flow separates closer to the throat than the exit plane, the flow recirculation
inside the nozzle is too great and the flap effect is diminished. While near the exit plane,
the separation is smaller and the outflow is in contact with the ambient conditions that
generates a kind of turbulence.
Table 5.5 represents different flap heights along with different𝑃𝑟𝑎𝑡𝑖𝑜 . An
improvement of thrust is shown while the nozzle operates at a 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08, and the flap
has a beneficial effect on the thrust. While for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 and the higher 𝐹𝑠𝑚𝑎𝑐ℎ the
improvement stops, due to the turbulent nature of the flow at the exit plane.

Case 1 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟏
Table 5.3

Different flap height for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.1 and different pressure ratios

Free stream Mach
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Pressure ratio
0.06
0.06
0.06
0.06
0.08
0.08
0.08
0.08
0.1
0.1
0.1
0.1

Flap percentage
0
2
4
8
0
2
4
8
0
2
4
8
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Thrust(N/m)
8395.79
8407.90
8407.91
8407.92
8179.56
8186.49
8186.84
8187.01
7986.16
7991.88
7991.73
7992.72

Case 2 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟑
Table 5.4

Different flap height cases for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.3 and different pressure ratios

Free stream Mach
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

Pressure ratio
0.06
0.06
0.06
0.06
0.08
0.08
0.08
0.08
0.1
0.1
0.1
0.1

Flap%
0
2
4
8
0
2
4
8
0
2
4
8

Thrust(N/m)
8398.91
8411.13
8408.49
8409.91
8172.29
8184.13
8184.90
8184.378
7976.25
7983.30
7984.58
7988.13

Case 3 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟔
Table 5.5

Different flap height cases for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.6 and different pressure ratios

Free stream Mach
0.6
0.6
0.6
0.6
0.6
0.6

Pressure ratio
0.06
0.06
0.06
0.08
0.08
0.08

Flap
0
2
4
0
2
4
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Thrust(N/m)
8402.28
8401.95
8400.45
8172.09
8178.09
8180.39

5.3.2.2

Momentum flux, pressure, and wall pressure profiles

Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟔and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟏

Figure 5.40

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.1 a) Momentum flux profile along the
exit plane for different flap heights, b) Pressure profile along the exit plane
for different flap heights, c) Wall pressure profile for different flap heights
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟖and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟏

Figure 5.41

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.1 a) Momentum flux profile along the
exit plane for different flap height, b) Pressure profile along the exit plane
for different flap height, c) Wall pressure profile for different flap heights
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟏𝟎and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟏

Figure 5.42

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.1 a)Momentum flux profile along the
exit plane for different flap heights, b) Pressure profile along the exit plane
for different flap heights, c) Wall pressure profile for different flap heights
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Figure 5.43

Divergent section wall pressure profile 𝐹𝑠𝑚𝑎𝑐ℎ = 0.1 and a) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06,
b) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and c) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10
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Figure 5.43 is a zoomed portion of the wall pressure profile for the three different
𝑃𝑟𝑎𝑡𝑖𝑜 Used for the 𝐹𝑠𝑚𝑎𝑐ℎ =0.10, the wall pressure profiles shows that the pressure is
higher for cases that operates with a flap added which agrees with numerical results of
thrust calculation for reach case .
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Zommed in portion of wall pressure profile near the exit plane:

Figure 5.44

Nozzle wall pressure profile near the exit plane for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.1 and
a) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06, b) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and c) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟔 and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟑

Figure 5.45

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.3 a) Momentum flux profile along
the exit plane for different flap heights, b) Pressure profile along the exit
plane for different flap heights, c) Wall pressure profile for different flap
heights
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟖 and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟑

Figure 5.46

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.3 a) Momentum flux profile along
the exit plane for different flap heights, b) pressure profile for different flap
heights, c) Wall pressure profile for different flap heights
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟏𝟎 and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟑

Figure 5.47

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10 and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.3 a) Momentum flux profile along
the exit plane for different flap heights, b) Pressure profile along the exit
plane for different flap heights, c) Wall pressure profile for different flap
heights
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Figure 5.48

Divergent section wall pressure profile for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.3 and a) 𝑃𝑟𝑎𝑡𝑖𝑜 =
0.06, b) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08, c) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10
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Figure 5.48 shows the wall pressure profile for different 𝑃𝑟𝑎𝑡𝑖𝑜 that were
investigated using𝐹𝑠𝑚𝑎𝑐ℎ = 0.3, the numerical results showed that the flap increased the
thrust, which is observed from the three different plots. The case of 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and
𝐹𝑠𝑚𝑎𝑐ℎ = 0.3 showed an improvement of thrust while using flap of different heights.
While for 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 as mentioned before turbulence induced from the contact of the
outflow and the ambient conditions causes an inflation of the pressure near the exit.
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Zommed in portion of wall pressure profile near the exit plane:

Figure 5.49

Wall pressure profile near the exit plane for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.3 and a) 𝑃𝑟𝑎𝑡𝑖𝑜 =
0.06, b) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08, c) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.10
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟔 and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟔

Figure 5.50

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.06 and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.6 a) Momentum flux profile along
the exit plane for different flap heights, b) Pressure profile along the exit
plane for different flap heights, c) wall pressure profile for different flap
height
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Case 𝑷𝒓𝒂𝒕𝒊𝒐 = 𝟎. 𝟎𝟖 and 𝑭𝒔𝒎𝒂𝒄𝒉 = 𝟎. 𝟔

Figure 5.51

Case, 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08 and 𝐹𝑠𝑚𝑎𝑐ℎ = 0.6 a) Momentum flux profile along
the exit plane for different flap heights, b) Pressure profile along the exit
plane for different flap heights, c) Wall pressure profile for different flap
heights
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Figure 5.52

Divergent section wall pressure profile for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.6 and a) 𝑃𝑟𝑎𝑡𝑖𝑜 =
0.06 ,b) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08
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The figure 5.51 highlights the wall pressure near the exit plane, Figure 5.52 (a)
and 5.52 (b), shows that the pressure profile develops equally and separates near the exit.
The two percent flap height shows a good improvement of keeping the flow attached to
the wall, but once getting to the exit plane it separates and fail keeping the flow attached.
The vortices generated by the flap along with flow perturbation decreases its effect
graphically speaking, but the numerical results showed that the thrust increases, which
means that either way the flap, can be introduced as a potential alternative solution for the
flow separation and improving the thrust.

78

Zoomed portion of wall pressure profile near the exit plane ;

Figure 5.53

Wall pressure profile near the exit plane for 𝐹𝑠𝑚𝑎𝑐ℎ = 0.6 and a) 𝑃𝑟𝑎𝑡𝑖𝑜 =
0.06 , b) 𝑃𝑟𝑎𝑡𝑖𝑜 = 0.08

79

5.3

Conclusions

5.4.1


Single-block and two block grid comparison

The two-block grid generates a better numerical solution compared to the single block
grid case. Based on the numerical results of the two-block grid it appears that it is
more realistic than the single-block grid since the single-block grid has an imposed
boundary conditions that may adversely affect the results.



The two-block grid allows investigating the flow behavior around the nozzle as well
as within the nozzle.



The two-block grid case gives a better and clearer idea about the phenomenon
occurring around the nozzle and may help in the study of the jet flow i.e. jet mixing
with an ambient fluid.

5.4.2

Two-block grid with and without a flap



The flap helps reduce the flow separation at the exit plane and increases the thrust.



The flap is a passive mechanism that should generate two counter rotating vortices
downstream of itself Figure (5.39 b), those two vortices affect the circulation inside
the nozzle, which is confirmed and observed from the pressure profile plots.
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5.4.3

Limitations
The code used here was only run for laminar flow, and no previous study

concerning this topic was initiated so there is no experimental or numerical results to
compare the results.
5.4.4

Future work
As the recent results showed a weak but promising agreement with expectation,

further research is needed to include turbulent flow and how a turbulence model affects
the solution. Investigate other nozzle geometries such as the bell shape nozzle and
compare its results with the conical nozzle. In addition, an investigation of the nozzle
with different flap angles would be interesting.
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APPENDIX A
NOMENCLATURE
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Table 5.6

List of Symbols and abbreviation
Symbol
a
E
𝑃𝑜
𝑃𝑎𝑚𝑏𝑖𝑒𝑛𝑡
q
f
g
R
𝑅𝑒
𝜌
𝐹𝑠𝑚𝑎𝑐ℎ
𝑚̇𝑜
𝛾
CFD
CVBC
𝑉𝑒𝑥𝑖𝑡
𝐴𝑒𝑥𝑖𝑡
GF
r
θ
μ
z
𝑉𝜃
u
ν

Significance
Speed of sound
Total energy
Total pressure
Ambient Pressure
solution vector
Solution vector
Solution vector
Residual
Reynolds Number
Density
Free stream Mach Number
Total mass flow
Heat capacity ratio
Computational Fluid Dynamics
Characteristics variable boundary condition
Exit velocity
Exit area
Gurney flap
Radial direction
Azimuthal direction
viscosity
Axial direction
Azimuthal velocity
Axial velocity
Radial velocity
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